(usually very small) time differences of the arrival of seismic signals between the different sensors plays an important role in all array processing techniques.
The Department of Geology of King Saud University has established a small-aperture (~ 3.5 km) three-component seismic array in central Saudi Arabia at a hard rock site on the Arabian Shield ( Figure 1a) . The facility consists of well-constructed vaults in hard rock outcrops in a region that has very low background noise. The deployed equipment consists of a broadband three-component sensor (STS-2) at the center element and eight short-period three-component sensors at the outlying elements ( Figure 1b ). The objectives of this deployment are to improve constraints on the structure and physical state of the lithosphere beneath the Arabian Shield and the Red Sea, to provide information concerning the tectonic evolution of the Arabian Plate, to enhance existing models of the crust, and to provide additional constraints on seismicity in the region, especially at lower magnitudes, which we expect to lead to more complete and accurate earthquake catalogs. We anticipate improving velocity models of the crust which we intend to use in investigations of attenuation, ultimately contributing to assessments of seismic hazard in the region. Better models of upper mantle structure may provide insights into the depth of the source of volcanism (the Harrats, Figure 1a ) in the region and uplift of the Arabian Shield.
Since this is the first array in the region designed for coherent regional signal processing and because so few seismic stations in the Middle East provide openly available broadband data, this array will provide unique and valuable data. This paper describes some preliminary analysis of the array data. We measured coherence of (regional and teleseismic) signals and noise as a function of inter-sensor separation and frequency. We also made slowness and azimuth measurements of regional and teleseismic phases and compared these to predictions from radial earth models to characterize path-specific propagation. We characterized background noise at the sites. Because few fully three-component arrays exist, data from the KSU array is anticipated to contribute to the general understanding of processing strategies that combine beamforming with polarization analysis. We will also be interested to investigate the seasonal and diurnal noise spectral levels, and frequency-dependent spatial structure (coherence and azimuthal dependence).
Geologic and Seismotectonic Setting
The accretionary evolution of the Arabian plate is thought to have originated and formed by amalgation of five Precambrian terranes. These are the Asir, Hijaz, and Midyan terranes from the western part of the Arabian shield, and from the eastern side of the shield are the Afif terrane and the Amar arc of the Ar Rayn micro-plate. The western fusion is along the Bir Umq and Yanbu sutures (Loosveld et al 1996) . The eastern accretion may have started by about 680-640 million years ago (Ma) when the Afif terrane collided with the western shield along the Nabitah suture.
At about 670 Ma, a subduction complex formed west of Amar arc. Along this subduction zone, the Afif terrane and Ar Rayn microplate collided around 640-620 Ma. (Al-Husseini 2000) . The north trending Rayn anticlines and conjugate northwest and northeast fractures and faults may have formed at this time.
The Arabian Shield is an ancient land mass with a trapezoidal shape and area of about 770,000 sq. km. Its slightly-arched surface is a peneplain sloping very gently toward the north, northeast, and east. The framework of the shield is composed of Precambrian rocks and metamorphosed sedimentary rocks intruded by granites. The fold-fault pattern of the shield, together with some stratigraphic relationships suggests that the shield has undergone two orogenic cycles. To the first order, the Arabian shield is composed of two layers, each about 20km thick, with average velocities of about 6.3 km/s and 7 km/s respectively (Mooney et al 1985) . The crust thins rapidly to less than 20 km total thickness at the western shield margin, beyond which the sediments of the Red Sea shelf and coastal plain are underlain by oceanic crust.
The platform consists of the Paleozoic and Mesozoic sedimentary rocks that unconformably overlie the shield and dip very gently and uniformly to the E-NE towards the Arabian Gulf (Powers et al., 1966) . The accumulated sediments in the Arabian platform represent the southeastern part of the vast Middle East basin that extend eastward into Iran, westward into the eastern Mediterranean and northward into Jordan, Iraq and Syria.
The Arabian shield isolated the Arabian platform from the north African Tethys and played an active paleogeographic role through gentle subsidence of its northern and eastern sectors during the Phanerozoic, allowing almost 5000 m of continental and marine sediments to be deposited over the platform. This accumulation of sediments represents several cycles from the Cambrian onward, and now forms a homocline dipping very gently away from the Arabian shield.
Several structural provinces can be identified within the Arabian platform: 1) an interior homocline in the form of a belt, about 400 km wide, in which the sedimentary rocks dip very gently away from the shield outcrops, 2) an interior platform, up to 400 km wide, within which the sedimentary rocks continue to dip regionally away from the shield at low angles, and 3) intrashelf depressions, found mainly around the interior homocline and interior platform .
The Saudi Arabian Broadband Deployment (Vernon and Berger, 1997; provided the first broadband recordings for the Arabian Shield and Platform. This deployment consisted of 9 broadband, three-component seismic stations along a transect similar to a seismic refraction study (Mooney et al., 1985; Gettings et al., 1986; Badri, 1991) . Data from this deployment resulted in several reports of crustal and upper mantle structure (Sandvol et al., 1998; Mellors et al., 1999; Rodgers et al., 1999; Benoit et al., 2003; Mokhtar et al., 1997 ). The crustal model of the western Arabian Platform shows a slightly higher P-velocity for the upper crust in the Arabian Shield than in the Platform. Also the crust of the Platform appears to be 3-5 km thicker than in the Shield. The Moho discontinuity beneath the western Arabian Platform occurs at a depth of 40-45 km, and the velocity of the upper mantle is about 8.2 km/sec (Al-Amri 1998; 1999; Rodgers et al., 1999; Tkalcic et al., 2006) . Generally, the crustal thickness in the Arabian Shield varies from about 15 km in the Red Sea, to 20 km along the Red Sea coast to about 35-40 km in the central Arabian Shield (Sandvol et al., 1998; Al-Damegh et al., 2005; Tkalcic et al., 2006) . Large-scale seismic tomography (e.g. Debayle et al., 2001) High-frequency regional S-wave phases are quite different for paths sampling the Arabian Shield than those sampling the Arabian Platform Al-Damegh et al., 2004; Pasyanos et al., 2009 ). In particular the mantle Sn phase is nearly absent for paths crossing parts of the Arabian Shield, while the crustal Lg phase has abnormally large amplitude. This may result from an elastic propagation effect or extremely high mantle attenuation and low crustal attenuation occurring simultaneously, or a combination of both. High-frequency Lg does not propagate as efficiently across the Arabian Platform compared to the Shield but Sn does propagate efficiently. This observation suggests that crustal attenuation is low in the higher velocity crust of the Arabian Shield, or that sedimentary structure in the Arabian Platform attenuates and disrupts the crustal waveguide for Lg. These observations imply that highfrequency ground motions will propagate with lower attenuation in the Arabian Shield than in the Arabian Platform.
Installation and Preliminary Noise Results
Great care was taken to site the stations of the Ar Rayn array on Precambrian outcrops. Figure   2 shows a representative station site (AR25). Note that the station is sited adjacent to an outcrop where it was possible to excavate a vault into contact with undisturbed Precambrian bedrock.
The inside dimensions of the vault are 1.6 meters square and 2 meters deep (Figure 3 Otherwise the configuration of this installation is the same as the short-period stations. Figure 4 shows noise level as a function of frequency for the three components of the broadband center element of the array, and follows the format of Astiz (1997) . The vertical axis is acceleration power expressed in decibels with respect to 1 m 2 /s 4 /Hz. The grey lines denote the USGS low and high noise models of Peterson (1993) . The methodology of this noise estimate differs from that used to determine the USGS low-and high-noise models and consequently absolute power levels may differ slightly due to bias induced by different tapers and windows.
At mid-and higher frequencies, the three noise spectra lie near the USGS low noise model departing somewhat above about 2 Hz. The high frequency noise, especially the distinct spectral lines, could be instrument noise or cultural noise from the nearby town of Ar Rayn, which is 15 kilometers from the array.
In general, noise levels are similar for all channels for frequencies greater than 1 Hz. Between 1 Hz and roughly 0.1 Hz, the vertical is slightly noisier than the horizontals. At frequencies less than 0.1 Hz, the horizontal components are much noisier, creating an obvious discrepancy with the low-noise-model. The long-period noise levels on the horizontal channels may present a problem for surface wave studies and regional moment tensor inversions, which are forced to depend solely on vertical data for moderate sized events. The source of the noise is not clear.
One possibility is that the long period noise may be due to small tilts which affect the horizontal more than the verticals because horizontal tilts greatly increase the effect of the local gravity vector. Tilt effects can be quite large compared to the signals normally recorded, and may be due to prevailing winds and/or transient thermal effects caused by large diurnal temperature variations in the desert.
The body-wave magnitude (mb) detection threshold for the distance range of 10-100 degrees is about m b >3.5 (Vernon and Berger, 1997) . Minimum detectable magnitudes are estimated for RAYN station using the observed noise levels over 1 Hz. The m b detection threshold for the distance range of 5-10 degrees is about 2.7-3.0 assuming the signal-to-noise ratio of 3 dB or better (Al-Amri et al., 1999). They indicated that seasonal noise levels varied at RAYN, with
April to June being the quietest and with October to December being the nosiest months. Slight changes in peak microseism frequency also occurred seasonally. Absolute noise levels near the microseism frequency (0.1 to 0.2 Hz) were about equal for all seasons at -140 dB. Above 1Hz, RAYN station shows an increase in seasonal variations from -140 dB in the summer to -160 dB in the winter. Mellors (1998) showed that noise levels at nine broadband stations (STS-2) across the Arabian Shield are similar for all channels for a given station for frequencies greater than 0.9
Hz. Between 0.9 Hz and roughly 0.1 Hz, the vertical is slightly noisier than the horizontals, and at frequencies less than 0.1 Hz, the horizontals are much noisier.
Preliminary Data Processing
We show three signal processing examples using Ar Rayn array data. The first is a check of degrees). The angle of incidence used assumes a near-surface medium P-wave velocity of 5 km/s. This processing approach roughly doubles the signal-to-noise ratio of the incident P wave relative to the vertical beam enhancing our ability to pick and identify this phase.
The three-component beam may be summarized mathematically by:
where bold quantities are vectors. The vector of three-component signals recorded at station is denoted by:
where the triple ! , ! , ! represents the vertical, north and east components of the station. is the number of stations in the array, and the propagation delays ∆ ! are described by a plane wave model:
The vector is the horizontal slowness vector, is scalar horizontal slowness (ray parameter), and is the polarization vector for P waves:
where is the azimuth of propagation of north through east and is the angle of incidence with the vertical axis. Finally, the vector ! represents the horizontal offset of station from a common reference point. 
